1. Introduction
===============

We face a worldwide increase in pathogenic bacteria that are (multi-)resistant to commercially available antibiotics, while the number of novel antibiotics on the market declines. Several strategies to retrieve control on bacterial infections have been developed in the last decade (e.g. Lohner [@bib1]). One promising approach is based on antimicrobial peptides. They mostly perturb and destroy the structural integrity of the lipid membrane, although some of these peptides seem to pass the membrane barrier and to act on cytosolic targets [@bib2; @bib3]. Of particular interest is in any case the cell specificity of antimicrobial peptides, i.e. to discriminate between the host and bacterial cell membrane. While the outer leaflet of mammalian plasma membranes almost exclusively consists of neutral phospholipids, the bacterial one has a high content of negatively charged phospholipids, which is supposed to be a predominant factor for the affinity of the positively charged peptides to bacterial membranes. However, recently we showed that in respect of membrane-perturbing mechanism lipid net charge is not the decisive factor, but lipid packing density, the ability to form intermolecular H-bonds and lipid molecular shape have to be also taken into account [@bib4]. Therefore, it is of interest to study the properties of membrane mimetic systems such as structure or packing properties.

As indicated above bacterial cell membranes have high contents of negatively charged lipids like phosphatidylglycerol (PG) or diphosphatidylglycerol (DPG or cardiolipin), which are the most abundant anionic phospholipids of cytoplasmic bacterial membranes. These phospholipids are particularly prominent in a number of Gram-positive bacteria ([Table 1](#tbl1){ref-type="table"}). Interestingly, the level of cardiolipin may substantially be increased under certain environmental (e.g. high salt) or stress conditions as reported for *S. aureus* [@bib5; @bib6; @bib7; @bib8]. The increased amount of cardiolipin may reflect a requirement for enhancement of the structural integrity of the bacterial cell membrane or for the support of stress-related increases in energy transduction, or both [@bib5; @bib9].

Cardiolipin with its quadruple hydrocarbon chains is a unique lipid also found in a significant amount in the inner mitochondrial membrane of eukaryotic cells being essential for e.g. insertion and translocation of proteins in the inner mitochondrial membrane [@bib10]. While it seems that a major biological role of cardiolipin is related to the function of membrane proteins [@bib9], Haines and Dencher [@bib11] suggested another important function for cardiolipin due to its high pK~a2~ value (\> 8), which enables cardiolipin to trap protons at the H^+^-uptake pathway of the energy transducing membrane \[for details see [@bib12]\]. PG does not show such a variety of specific functions, but serves as precursor molecule for the biosynthesis of cardiolipin and other phospholipid molecules [@bib13].

Regarding bacteria, cardiolipin was described to be concentrated in polar and septal regions as visualized by nonyl acridine orange (see Mileyovskaya [@bib14], Schlame [@bib15], and references therein). The ability to form non-lamellar structures is supposed to be required for membrane curvature in the septal region of cytoplasmic membranes, which is related to the cell division process. The propensity to form non-lamellar structures is referred to the small polar head group of cardiolipin (see Matsumoto [@bib16] and references therein). Because of this unique conformation, this lipid is also able to pack tightly forming micro domains [@bib11] and in stack like arrays, which are also stabilized by membrane proteins [@bib16]. Haines et al. [@bib11] described the head group as a bicyclic formation of the two phosphate groups linked to the centred glycerol residue. Thereby, the H-bonding to the hydroxyl residue alters the pK~a~ to \> 8 and creates -- by trapping a proton -- an acid-anion. Therefore, at physiological conditions, cardiolipin has a single negative charge on the head group [@bib11]. PG also carries one net negative charge at physiological pH (pK~a~ value of ∼ 3 [@bib17; @bib18]), but unlike cardiolipin the cross section of the head group is comparable to the cross section of its hydrocarbon chains. This gives the lipid a cylindrical molecular shape and thus PG will prefer to form flat bilayers.

Although there is a wealth of knowledge on the individual lipids, to our knowledge no study has been reported so far on binary mixtures of PG and cardiolipin, which represents an interesting model system for some Gram-positive cytoplasmic membranes. As lipids we have chosen the saturated species dipalmitoyl-PG (DPPG) and tetramyristoyl-cardiolipin (TMCL). The thermotropic phase behaviour of both lipids has been characterized showing very similar chain melting transition (around 41 °C) under comparable buffer conditions [@bib19; @bib20]. Moreover, both lipids are characterized by a similar membrane hydrophobic core in the lamellar-gel phase, which can be explained by the chain tilt of DPPG that compensates for its longer chain length (C16 vs. C14) as shown in this study. The experiments were performed at physiologically relevant buffer conditions using differential scanning calorimetry (DSC) and small and wide-angle X-ray scattering (SWAXS) techniques to yield thermodynamic and structural parameters of the DPPG/TMCL mixture.

2. Materials and methods {#sec1}
========================

2.1. Preparation of liposomes
-----------------------------

1,2-dipalmitoyl-phosphatidylglycerol (DPPG) and tetramyristoyl-cardiolipin (TMCL) were obtained from Avanti Polar Lipids Inc. (Alabaster, AL, USA) as Na-salt powders and used without further purification. Stock solutions were prepared by dissolving the required amounts of DPPG or TMCL in chloroform/methanol, 2/1 (vol/vol). For film preparation, mixtures of calculated stock solution quantities were evaporated under a nitrogen gas stream and at a temperature of 40 °C until a thin lipid film remained. The films were kept under vacuum over night for total solvent evaporation. The hydration procedure comprised an incubation time of 90 min at 65 °C, interrupted by thorough vortex mixing. The hydration buffer consisted of 20 mM NaPi, pH 7.4, 130 mM NaCl prepared from highly purified water (Milli-Q water purification system).

2.2. Differential scanning calorimetry
--------------------------------------

Differential scanning calorimetry (DSC) measurements were performed with a VP-DSC high-sensitivity calorimeter from MicroCal, LLC (Northampton, MA, USA). The lipid concentration was 1 mg/ml. At least two sample preparations were performed for each mixture to check on repeatability. Prior to experiments, all samples were degassed for 5 min at room temperature. The scanning temperature range was set between 1 and 60 °C and the scan rate was adjusted at 30 °C/h. The equilibration time before each scan was 15 min. For each measurement the scan program included three heating/cooling cycles showing identical thermograms for the second and third scans, which were used for data evaluation. This was performed with Origin 7 SR4 including a calorimetric modelling package. Recorded DSC thermograms were normalized with respect to the lipid concentration and scan rate. After baseline correction, the calorimetric enthalpies (Δ*H*) were determined by integrating the peak areas. The calorimetric enthalpy, the maximum heat capacity and the phase transition temperature were used for calculation of the van\'t Hoff enthalpy [@bib21; @bib22] in order to calculate the cooperativity of the main transition given by the ratio between van\'t Hoff and calorimetric enthalpy.

2.3. X-ray scattering
---------------------

Small and wide-angle X-ray scattering (SWAXS) patterns were recorded on a SWAX camera (System 3, Hecus X-ray Systems, Graz, Austria) using a sealed X-ray tube generator from Seifert (Ahrensburg, Germany) working at 50 kV and 40 mA. The X-ray beam was filtered for CuK~α~ radiation (*λ* = 1.542 Ǻ) using a Ni foil and a pulse height discriminator. The SWAXS patterns were recorded in the wave vector (*q* = 4πsin*θ* / *λ*, where *θ* is half the scattering angle) regimes of 10^− 3^ Å^−1^ \< *q* \< 1 Å^− 1^ (SAXS) and 1.2 Å^−1^ \< *q* \< 2.7 Å^− 1^ (WAXS) using two linear, one-dimensional, position-sensitive detectors (PSD 50, Hecus X-ray Systems, Graz, Austria). Silver stearate and p-bromo-benzoic acid were used for detector calibration of the small and the wide-angle range, respectively. Temperature was controlled with a Peltier heating unit.

Lipid samples (concentration 50 mg/ml) were filled into thin walled 1 mm capillaries (Hilgenberg GmbH, Malsfeld, Germany) and sealed with a two-component adhesive. To prevent sedimentation, the capillaries were rotated at constant speed along their axis within the sample stage. Data sets of pure buffer solution were recorded at 25 °C and used for baseline subtraction. Background corrected SAXS data were evaluated in terms of the Global Analysing Program developed by Pabst et al. [@bib23; @bib24]. In the applied model, the bilayer electron-density profile is given by the summation of three Gaussian distributions, two describing the electron-density of the head group region and one at the centre of the bilayer accounting for the minimum density at the methyl terminus of the hydrocarbon chains.

The main parameters determined by SAXS data evaluation are the distance between head group and centre of the bilayer (*z*~H~), the hydrocarbon chain length and the thickness of the bilayer (*d*~B~), respectively, which were determined as detailed previously [@bib25]. Peak positions in recorded WAXS patterns are fitted by Gaussians to determine the hydrocarbon chain lattice.

3. Results and discussion
=========================

The thermotropic phase behaviour of both lipids, DPPG and TMCL, has been well documented previously [@bib19; @bib20; @bib26; @bib27]. In accordance with published data the endotherm of pure DPPG liposomes showed two clearly discernable transitions ([Fig. 1](#fig1){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}), which can be attributed to the pre-transition from the lamellar-gel (L~β~′) to the ripple phase (P~β~′) at 33.2 °C and the main or chain melting transition from the P~β~′ to the fluid (L~α~) phase at 40.7 °C. In addition, two overlapping weak enthalpic transitions were observed with transition temperatures of 9.2 and 14.4 °C, respectively. These transitions can be attributed to the subsubgel SGII to L~β1′~ transition, also known as the Y-transition [@bib28] and the head group tilt transition from L~β1′~ to L~β2′~ [@bib27]. The SGII phase has been described as a highly compact metastable gel phase with the tilted hydrocarbon chains, packed on an orthorhombic lattice of two-nearest-neighbour type [@bib28]. The L~β1′~ → L~β2′~ transition, in turn, is due to tilt of the PG head group away from the nearly horizontal position, because of lateral hydrocarbon chain pressure [@bib27]. For TMCL it was shown that upon long-term incubation at low temperatures (− 20 °C overnight) this lipid adopts a stable subgel L~c′~-phase, which transforms into a L~β~ phase upon heating between 25 and 29 °C depending on the buffer used [@bib20]. This phase transition exhibits a pronounced cooling hysteresis and is not completed during a simple cooling scan and therefore upon immediate reheating two low-temperature endothermal peaks between 14--18 °C and 25°--30 °C were reported [@bib20]. This is the situation applied in our experiments and thus, in excellent agreement with these earlier findings using a similar phosphate buffer containing EDTA, we also observed two endothermic low-temperature transitions at 17.9 °C and 27.7 °C, respectively, as well as the main transition at 40.9 °C ([Fig. 2](#fig2){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}).

A biphasic behaviour was observed for the main transition temperature of the binary mixtures ([Table 2](#tbl2){ref-type="table"}). Adding DPPG to TMCL resulted at first in a monotonic decrease of the main transition temperature until a molar ratio of DPPG/TMCL 80/20 and in a monotonic increase upon further addition of DPPG (39.4 °C as compared to 40.9 °C for TMCL and 40.7 °C for DPPG). Similarly, the cooperativity of the main transition, which is a measure for the size of the average lipid domain undergoing the gel-fluid transition, showed also a biphasic behaviour with a breakpoint around *X*~DPPG~ = 0.8. An average cluster size of about 50 lipids was calculated within the composition range of *X*~DPPG~ ≤ 0.8, which corresponds to the value calculated for pure TMCL, while at higher DPPG content the cooperativity increased with an average cluster size of 180 lipids calculated for DPPG. Unlike, these two parameters, the main transition enthalpy showed a non-monotonic decrease from 55.5 kJ/mol for pure TMCL to 38.6 kJ/mol for pure DPPG ([Table 2](#tbl2){ref-type="table"}). However, considering the different numbers of hydrocarbon chains linked to the glycerol moiety of the two lipids and their respective impact on the chain melting process suggests to plot the main transition enthalpy with respect to the ratio of number of acyl chains. This graph then shows that the main transition enthalpy follows a linear dependence ([Fig. 3](#fig3){ref-type="fig"}).

A different behaviour was observed for the low-temperature transitions of the individual lipids, which in general were rapidly abolished upon admixture of the other lipid component ([Figs. 1, 2](#fig1 fig2){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}). The low-temperature transition of pure TMCL with corresponding values of 27.7 °C and 23.8 kJ/mol, characteristic for the transformation of the L~c′~- into the L~β~-phase, was hardly discernible from the baseline when 10 mol% of DPPG was added (24.1 °C, 1.3 kJ/mol). On the other hand, the second low-temperature transition observed for TMCL at 17.9 °C persisted up to 40 mol% DPPG under the given experimental conditions, whereby the corresponding transition temperatures and enthalpies decreased monotonically with the admixture of DPPG from *T* = 17.9 °C and Δ*H* = 10.4 kJ/mol (pure TMCL) to *T* = 7.7 °C and Δ*H* = 1.1 kJ/mol (*X*~DPPG~ = 0.4), respectively. Within the composition range of 0.5 ≤ *X*~DPPG~ ≤ 0.8 no low-temperature phase transitions were observed. For *X*~DPPG~ ≥ 0.9 weak double peaks at 9.2 °C and 14.4 °C, similar to pure DPPG dispersions were observed, which we therefore ascribed analogously to the head group tilt and Y-transitions [@bib27; @bib28]. In the same DPPG concentration range the pre-transition temperature increased from 33.2 °C for pure DPPG to 36.5 °C (*X*~DPPG~ = 0.9) without significant changes in the enthalpy ([Fig. 1](#fig1){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}) reflecting a stabilization of the L~β′~ phase by adding TMCL to DPPG.

The corresponding individual membrane structures were deduced from X-ray scattering experiments. [Fig. 4](#fig4){ref-type="fig"} shows the wide-angle pattern of pure TMCL below the main transition. The pattern at 5 °C was characterized by a very broad peak with a maximum around *d* ∼ 4.1 Å, and small peaks at lower (*d* ∼ 4.59 Å) and higher angle (*d* ∼ 3.66 Å), whereby *d* = 2π / *q*. The two sharp peaks are close to the positions reported for the L~c′~ phase in TMCL [@bib20]. On the other hand, based on the observations by Tenchov et al. [@bib28] in phosphatidylethanolamines and the present experimental protocol, the two peaks could also originate from a L~R1~ phase. Similar to the SGII phase found in pure DPPG in the present study, the L~R1~ phase describes a highly compact gel phase, but with untilted hydrocarbon chains arranged on an orthorhombic lattice of four-nearest-neighbour type [@bib28]. The broad peak indicates the presence of a domain with weak positional correlations of the acyl chains. Also Lewis et al. [@bib20] described a metastable gel phase in TMCL of relatively small crystalline domains. This is in agreement with our observation, because the peak width scales inversely with the lateral domain size. Once the temperature was increased to 22 °C, i.e. above the lowest phase transition, three clearly resolved Bragg peaks were detected. Thereby, the peaks at *d* = 4.62 Å and *d* = 3.85 Å, respectively, are characteristic for the 2D rectangular lipid arrangement of a well formed L~c′~ phase, while the rather symmetric peak at *d* = 4.22 Å is indicative for a lamellar L~β~ gel phase. This shows that the L~c′~ phase is now coexisting with a well ordered lamellar-gel phase with untilted hydrocarbon chains. Increasing slightly the temperature up to 24 °C, shows relative increase of the peak intensities of subgel phase with respect to the L~β~ phase. Heating further to 30 °C we observed a single symmetric peak in the WAXS pattern demonstrating the existence of a single L~β~-gel phase. The L~β~ phase expanded laterally with increasing temperature as indicated from the change of the WAXS peak from *d* = 4.21 Å at 30 °C to *d* = 4.28 Å at 37 °C. The wide-angle data of pure DPPG were typical for an L~β′~ phase at low temperatures (sharp *d*~20~ and broad *d*~11~ peak) and showed a single broad peak in the P~β′~ phase in agreement with previous reports [@bib27] ([Fig. 5](#fig5){ref-type="fig"}).

Mixtures of TMCL and DPPG have to accommodate the different packing properties of the individual lipid species. At 22 °C, i.e. above the second phase transition of TMCL, already 10 mol% of DPPG suffices to practically abolish the subgel phase. The WAXS patterns show a single peak centred at *d* = 4.21 Å, a situation which persists up to TMCL:DPPG molar ratios of 20:80 ([Fig. 5](#fig5){ref-type="fig"}). The peak width is rather broad and compares to the one of the P~β′~ phase of pure DPPG. SAXS data, however, show no indications for a ripple phase, but peaks that index on a single lamellar lattice ([Fig. 6](#fig6){ref-type="fig"}). Thus, for 0.1 \< *X*~DPPG~ ≤ 0.8 the TMCL:DPPG forms a lamellar L~β~ phase. The extended peak width indicates packing inconsistencies of the TMCL/DPPG hydrocarbon chain lattices. A sharp *d*~20~ and a broad *d*~11~ reflection, characteristic for L~β′~ phases, are observed for *X*~DPPG~ ≥ 0.85 ([Fig. 5](#fig5){ref-type="fig"}). Thus, the four hydrocarbons of TMCL quickly diminish the L~β′~ phase upon its addition to DPPG. A very similar situation is also observed at 30 °C, i.e. the WAXS pattern exhibited the same shape and width as compared to the pattern recorded at 22 °C. Thus, for 0 ≤ *X*~DPPG~ ≤ 0.8 we found a loosely packed untilted lamellar L~β~ gel phase, while tilted hydrocarbon chains dominate the L~β′~ gel phase at higher DPPG content. [Fig. 7](#fig7){ref-type="fig"} shows the corresponding peak positions. The transition from loosely packed L~β~ to well ordered L~β′~ agrees with our DSC results on the cooperativity (see above). Hence, TMCL, over a large concentration range dominates the acyl chain packing in the gel phase.

Interestingly, untilting of the hydrocarbon chains by addition of TMCL to DPPG does not lead to an increase of the membrane thickness, as derived from fits to the SAXS data ([Fig. 6](#fig6){ref-type="fig"}). The bilayer thickness rather remains constant at *d*~B~ = 57.9 ± 0.3 Å for *X*~DPPG~ ≥ 0.8 and then decreases monotonically to *d*~B~ = 56.0 ± 0.3 Å, the final value of pure TMCL ([Fig. 8](#fig8){ref-type="fig"}). The constant bilayer thickness above 80 mol% DPPG, correlates with the occurrence of the L~β′~-phase within this composition and temperature range and suggests that small amounts of TMCL can be incorporated within this phase without markedly affecting the tilt angle of the acyl chains. The decease of *d*~B~, which is paralleled by the removal of the chain tilt by TMCL at lower DPPG concentration, may be explained by a partial interdigitation of the longer (C16) acyl chains of DPPG with the shorter (C14) acyl chains of TMCL to compensate for the difference of two methylene groups. This would also account for the packing problems and the correlated low melting cooperativity in this concentration regime.

The SAXS data also revealed that incorporation of TMCL affects the lamellarity of the liposomes formed ([Fig. 6](#fig6){ref-type="fig"}). SAXS patterns recorded for pure DPPG were typical for unilamellar vesicles or positionally uncorrelated bilayers (absence of Bragg peaks). However, after admixture of TMCL, pseudo-Bragg peaks were detected in the SAXS patterns characteristic for oligolamellar vesicles (OLVs) as observed e.g. for anionic/zwitterionic PG/PE mixtures [@bib29]. The formation of oligolamellar vesicles depends on the balance of attractive (van der Waals) and repulsive (hydration, steric, electrostatic) forces. Latter are strongly influenced by both the composition of the buffer and the charge of the lipid head groups. A decrease or a shielding of the surface net charge causes decreased repulsive forces and consequently the formation of OLVs [@bib30]. This seems to be the case for samples containing TMCL considering that the phosphate residues form a tight bicyclic structure with H-bonds to the hydroxyl group on the centred glycerol [@bib11]. As a consequence one of the acidic protons is trapped in this configuration forming an acid-anion and, in turn, reducing the net charge to − 1 at neutral pH instead of − 2 as expected from the presence of the two phosphate groups. Taking into account the increased cross sectional area of the TMCL molecule owing to the four hydrocarbon chains this property results in a reduced surface charge density and therefore enables formation of OLVs.

4. Schematic phase diagram
==========================

A schematic presentation of the phase diagram of the binary mixture of DPPG and TMCL based on their heat capacity functions is given in [Fig. 9](#fig9){ref-type="fig"}. Phase assignment, as indicated in the figure, was deduced from the X-ray diffraction data. The phase sequence observed for pure DPPG is indicated in the figure and in agreement with earlier data [@bib27]. Under the experimental protocol used, which did not apply overnight incubation of the samples at − 20 °C but only 15 min at 1 °C, TMCL formed a metastable weakly ordered L~R1~ phase [@bib28] that coexisted with the subgel L~c′~ phase at low temperatures. At higher temperatures the L~c′~ phase coexists with the lamellar L~β~ gel phase. As can be deduced from the phase diagram, incorporation of small amounts (≤ 10 mol%) of one lipid strongly affects the low-temperature phase behaviour of the other lipid component, whereby DPPG prevented the formation of the subgel L~c′~ phase and TMCL abolished the subsubgel (SGII) phase. Thus, over a wide temperature and composition range a lamellar L~β~ gel phase is the predominant structure below the chain melting transition.

The width of the respective wide-angle patterns, which showed no significant changes upon heating or amount of DPPG added, was comparable to the width of the wide-angle pattern obtained for the P~β′~ ripple-gel phase. This suggests that the lipid components do not mix ideally in the gel phase, which is supported by the small average lipid cluster size of about 50 lipids calculated for this composition range (*X*~DPPG~ ≤ 0.8). Further, the composition dependence of the main transition temperature, showing lower transition temperatures for all binary mixtures with a minimum around *X*~DPPG~ = 0.8, suggests nonideal mixing of the binary components (eutectic mixture). In contrast to the hydrocarbon chain packing, the bilayer thickness was dependent on the molar ratio of the two lipids within this composition range. Adding DPPG to TMCL resulted in a concentration dependent increase of the bilayer thickness by about 2 Å in total, corresponding to the segment of about 2 methylene groups, and reached the value of pure DPPG at *X*~DPPG~ = 0.8. This behaviour may be explained by the need of different degrees of partial interdigitation in the methyl region of the bilayer core to compensate for the differences in the effective hydrocarbon lengths of DPPG and TMCL. Nonideal miscibility was also reported for another binary mixture being of relevance for bacterial membrane mimetic systems, namely phosphatidylglyerol and -ethanolamine [@bib26; @bib29]. In these systems, phase separation of pure components was observed in the gel phase, which was attributed to be mainly due to differences in the head group interactions. In the present case, packing constrains due to different numbers of hydrocarbon chains per lipid have to be overcome and drive the system into a nonideal mixture. Our SAXS data show that pure TMCL membranes are less charged than pure DPPG membranes. Non-random mixing of the two components therefore most likely leads to lateral inhomogeneities of the bilayer charge density. Therefore it will be of interest, to investigate if membrane-active molecules such as antimicrobial peptides can even discriminate between these two anionic lipids. So far, a particular preference of the binding to DPPG head groups compared to cardiolipin was reported for a synthetic antimicrobial hexapeptide [@bib31]. Different binding capabilities to various anionic phospholipids were also demonstrated for the beta-sheet peptide protegrin-1 [@bib32]. Furthermore, lipid demixing has been shown in a number of studies of lipid mixtures being composed of neutral and anionic phospholipids giving rise to the formation of peptide poor and peptide-rich domains [@bib31; @bib33; @bib34; @bib35; @bib36]. Lateral phase separation induced by antimicrobial peptides was suggested to have implications on structure and integrity of membranes and may affect adversely the function of membrane proteins [@bib2; @bib37].
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![Selected thermograms of the DPPG enriched region of binary mixtures of DPPG/TMCL at a scan rate of 30 °C/h. Inset shows the subsubgel to lamellar-gel phase transition region. Molar ratios of the binary mixtures are indicated in the panel.](gr1){#fig1}

![Selected thermograms of binary mixtures of DPPG/TMCL (***X***~**DPPG**~ ≤ 0.5) at a scan rate of 30 °C/h. Molar ratios of DPPG/TMCL are indicated in the panel.](gr2){#fig2}

![Main transition enthalpy of binary mixtures of DPPG/TMCL plotted with respect to the ratio of C16/C14 hydrocarbon chains.](gr3){#fig3}

![WAXS patterns of TMCL recorded at 5, 22, 24 and 30 °C, respectively. Open circles show experimental data points, dashed lines represent Gaussian peak fit and solid line is the sum of the fit, showing that in the low-temperature range the WAXS pattern can be described by a superposition of different phases (for details see text).](gr4){#fig4}

![WAXS patterns of selected DPPG/TMCL mixtures recorded at 22 °C (molar ratio indicated in the panel). Open circles show experimental data points, dashed lines represent Gaussian peak fit and solid line is the sum of the fit.](gr5){#fig5}

![SAXS patterns in the lamellar-gel phase at 30 °C for the binary system DPPG/TMCL (molar ratio is indicated in the panel). Open circles represent experimental data points and solid lines give the best fit of the global analysis model to the scattered intensities. Position of the second order reflection of the pseudo-Bragg peak for oligolamellar vesicles is indicated in the panel.](gr6){#fig6}

![Position of the Bragg peaks of the wide-angle pattern of binary mixtures of DPPG/TMCL recorded at 30 °C. Within the composition range of *X*~DPPG~ ≤ 0.8 the samples adopt a L~β~ phase. At higher DPPG content a L~β**′**~ phase was detected (full circles correspond to the sharp *d*~20~ peak and open circles to the broad *d*~11~ peak).](gr7){#fig7}

![Bilayer thickness (*d*~B~) of the lamellar-gel phase of binary mixtures of DPPG/TMCL at 30 °C calculated from *z*~H~ applying the global analysis model to the scattered intensities (for details see [Materials and methods](#sec1){ref-type="sec"}).](gr8){#fig8}

![Schematic phase diagram of the binary system DPPG/TMCL under physiological buffer condition (130 mM NaCl, 20 mM NaPi, pH 7.4) established from DSC experiments. Phase assignment was performed by SWAX experiments: metastable subgel phase, L~R1~; subgel phase, L~c′~; subsubgel phase, SGII; lamellar-gel phase with tilted, L~β′~, and untilted hydrocarbon chains, L~β~; ripple-gel phase, P~β′~, and fluid phase with melted hydrocarbon chains, L~α~.](gr9){#fig9}

###### 

Membrane phospholipid composition of representative Gram-positive bacteria (see K. Lohner [@bib38] and references therein).

  Bacteria species          Phospholipid as percentages of the total                  
  ------------------------- ------------------------------------------ ---- ---- ---- ------------------------------------
  *Staphylococcus aureus*   57                                         5    38   0    Trace
  *Bacillus subtilis*       29                                         47   7    10   6[b](#tblfn2){ref-type="table-fn"}
  *Micrococcus luteus*      26                                         67   0    0    7[c](#tblfn3){ref-type="table-fn"}

PG, phosphatidylglycerol; PE, phosphatidylethanolamine.

Including phosphatidic acid and glycolipids.

Almost exclusively phosphatidylinositol.

###### 

Phase transition temperatures and enthalpies for binary mixtures of DPPG/TMCL.

         Low-temperature transitions   Pre-transition   Main transition                              
  ------ ----------------------------- ---------------- ----------------- ------ ------ ----- ------ ------
  1      9.2/14.4                      2.3                                       33.2   5.8   40.7   38.6
  0.95   7.5/13.1                      ∼ 1.5                                     34.7   6.4   40.2   43.6
  0.9    5.9/11.8                      ∼ 0.5                                     36.5   5.9   39.9   42.8
  0.8                                                                                         39.4   48.2
  0.7                                                                                         39.4   51.7
  0.6                                                                                         39.8   47.9
  0.5                                                                                         39.9   51.1
  0.4    7.7                           1.1                                                    40.1   53.5
  0.3    10.8                          4.8                                                    40.3   54.4
  0.2    13.4                          8.6                                                    40.6   54.6
  0.1    15.3                          13.0             24.1              1.3                 40.6   55.8
  0      17.9                          10.4             27.7              23.8                40.9   55.5

Phase designation see text.
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